Diabetes-induced oxidative stress plays a critical role in the mobilisation of endothelial progenitor cells (EPCs) from the bone marrow to the circulation. This study was designed to explore the effects of chronic melatonin administration on the promotion of the mobilisation of EPCs and on the preservation of erectile function in type I diabetic rats. Melatonin was administered to streptozotocin-induced type I diabetic rats. EPCs levels were determined using flow cytometry. Oxidative stress in the bone marrow was indicated by the levels of superoxide dismutase and malondialdehyde. Erectile function was evaluated by measuring the intracavernous pressure during an electrostimulation of the cavernous nerve. The density of the endothelium and the proportions of smooth muscle and collagen in the corpus cavernosum were determined by immunohistochemistry. The administration of melatonin increased the superoxide dismutase level and decreased the malondialdehyde level in the bone marrow. This effect was accompanied by an increased level of circulating EPCs in the diabetic rats. The intracavernous pressure to mean arterial pressure ratio of the rats in the treatment group was significantly greater, compared with diabetic control rats. The histological analysis demonstrated an increase in the endothelial density of the corpus cavernosum after the administration of melatonin. However, melatonin treatment did not change the proportions of smooth muscle and collagen in the corpus cavernosum of diabetic rats. Chronic administration of melatonin has a beneficial effect on preventing erectile dysfunction (ED) in type I diabetic rats. Promoting the mobilisation of EPCs is one of the possible mechanisms involved in the improvement of ED.
INTRODUCTION
Epidemiological studies have revealed that up to 75% of men with diabetes suffer from erectile dysfunction (ED).
1,2 The prevalence of ED has been reported to be higher in men with diabetes compared with non-diabetic men.
3-6 Furthermore, ED occurs earlier in diabetic men with poor responses to phosphodiesterase-5 inhibitors, which are considered to be the first-line therapy for ED. 7 The aetiology of diabetes-associated ED is multifactorial and involves vasculopathy, neuropathy and local pathological processes. 8, 9 Increased levels of oxygen free radicals are thought to be involved in hyperglycaemia-induced tissue damage. 10 Several antioxidants, such as vitamin E, sodium selenate, melatonin and ascorbic acid, have been demonstrated to reverse ED partially in experimental type I and type II diabetic animals. 10 Endothelial progenitor cells (EPCs) have been shown in both animal models and in humans to contribute to neovascularisation and reendothelialisation, indicating an essential role for these progenitor cells in maintaining endothelial integrity. [11] [12] [13] Recently, a growing number of studies have reported an inverse correlation between the number of EPCs and subjects' erectile function, suggesting a possible role for the reduction of EPCs in the development of ED. [14] [15] [16] [17] EPCs appear to be affected by clinical conditions characterized by high cardiovascular risks, including type I and type II diabetes. Moreover, the number of circulating EPCs is decreased in subjects with diabetes. [18] [19] [20] [21] Increasing evidence suggests that oxidative stress, which is involved in the pathogenesis of diabetes, plays a crucial role in mediating the mobilisation of EPCs from the bone marrow to the peripheral circulation, both in experimental animal models and in humans. 22, 23 Melatonin is a powerful antioxidant. Numerous studies have suggested a role for melatonin in reducing the oxidative stress induced in many organs by diabetes. 24, 25 Our study, therefore, was designed to explore the effect of melatonin in decreasing oxidative stress induced by type I diabetes and in promoting the mobilisation of EPCs. Our hypothesis was that the chronic administration of melatonin would reduce oxidative stress levels, improve mobilisation of EPCs and subsequently prevent ED in diabetic rats.
MATERIALS AND METHODS
Animal groups and study design All animal procedures were approved by the Institutional Animal Care and Use Committee at Nanjing University (Nanjing, China). Streptozotocin-induced type I diabetic rats were randomly divided into a melatonin-treated group (Mt, n511) and a diabetic control group (DM, n511). Melatonin (10 mg kg 21 day
21
, intraperitoneal 26 ) or saline was administered to the melatonin-treated group or diabetic control group. Saline was administered to the normal control rats (N, n510). Treatment was continued for 8 weeks, followed by a washout period of 72 h. Melatonin was obtained from Sigma (St. Louis, MO, USA). The peripheral blood of every rat was harvested for flow cytometry before erectile function was measured. Penile tissue and bone marrow were harvested for the analysis after assessing erectile function.
Establishment of the diabetic model
Thirty-six male Sprague-Dawley rats (10 weeks old) were used in this study. After an overnight fast, 26 rats were intraperitoneally injected with streptozotocin (60 mg kg 21 ; Sigma) dissolved in a citrate acid buffer solution. The remaining 10 rats were injected with an equivalent volume of citrate buffer solution, and they served as normal controls. Blood glucose levels were measured 72 h later. Rats that had a blood glucose level higher than 200 mg dl 21 were selected as type I diabetic rats. 27 
Flow cytometry analysis
The number of EPCs in the circulation was determined by CD34 1 / kinase insert domain receptor 1 (KDR 1 ) cells. 14 Blood samples were harvested from the angular vein and collected in heparinized tubes. Mononuclear cells in 1 ml of blood were isolated from peripheral blood samples by density centrifugation. Whole mononuclear cells were washed and blocked with 2.5% bovine serum albumin, subsequently incubated with Alexa-488-conjugated mouse anti-CD34 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1 : 400) and rabbit anti-KDR primary antibody (Abcam Inc., Cambridge, UK; 1 : 400) for 2 h at room temperature. After washing three times with phosphate-buffered saline (PBS), the cells were resuspended and incubated with Alexa-594-conjugated goat anti-rabbit secondary antibody (Invitrogen, Carlsbad, CA, USA; 1 : 200) for 1 h at room temperature. The cells were finally resuspended in 800 ml of PBS and analysed with a FACSCalibur (BD Biosciences, San Jose, CA, USA) flow cytometer. One hundred thousand cells were acquired in each sample, and the percentage of CD34
1

/KDR
1 cells was determined.
Erectile function evaluation
The intracavernous pressure (ICP) response to an electrical stimulation of the cavernous nerve was measured as previously described. 28 After anaesthesia by ketamine (100 mg kg 21 ) and midazolam (5 mg kg 21 ), the major pelvic ganglion and cavernous nerve were exposed on either side of the prostate. A 25-gauge needle, connected to a PE-50 tube and filled with 200 U ml 21 heparin, was inserted into the left corpora for the measurement of ICP. The left carotid artery was subsequently exposed and cannulated with a PE-50 tube to record the mean arterial pressure (MAP). The nerve was stimulated at a frequency of 15 Hz with a pulse width of 5 ms. Stimulations were performed at 5 V for 60 s with a period of 5 min between subsequent stimulations. The ratio of peak ICP to MAP was calculated to evaluate erectile function.
Oxidative stress parameters in bone marrow Bone marrow from both femurs was flushed out with 1.5 ml of PBS. After centrifuging at 3000g for 10 min, the supernatant was collected and stored at 280 uC. Levels of superoxide dismutase (SOD) and malondialdehyde (MDA) were used to evaluate oxidative stress levels in the bone marrow. The levels of MDA and SOD in bone marrow were measured using commercially available kits, according to the manufacturer's protocol (Jiancheng Bioengineering Institute, Nanjing, China). SOD levels in the bone marrow were expressed as U mg 21 of protein, while MDA was expressed as nmol mg 21 of protein.
Histology
The middle parts of the penile tissues were fixed in 4% paraformaldehyde in PBS at 4 uC overnight, followed by transferring them to 30% sucrose in PBS at 4 uC overnight. The tissues were embedded at optimal cutting temperature and stored at 280 uC.
For immunofluorescence staining, the sections were blocked by incubation in 2.5% bovine serum albumin for 30 min at room temperature. Penile sections were then incubated with rabbit anti-von Willebrand factor (vWF; Abcam Inc.; 1 : 400) and mouse anti asmooth muscle actin (a-SMA, Abcam Inc., 1 : 400) overnight at 4 uC, followed by Alexa-488-or Alexa-594-conjugated secondary antibodies (Invitrogen; 1 : 200) for 1 h at room temperature. Masson's Trichrome staining was performed using a commercial available kit (Sigma), according to the manufacturer's instructions.
A digital histomorphometric analysis was performed using ImagePro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA). For vWF staining, the corpus cavernosum was examined at 3100 magnification, and the proportions of vWF-positive area and total corpus cavernosum area were calculated. To determine the endothelium content in the dorsal artery, 3400-magnification images were examined, and the ratio of vWF-positive endothelium to a-SMApositive smooth muscle in the dorsal artery was used for a quantitative analysis. To determine the ratio of smooth muscle to collagen within the corpus cavernosum, the 3100-magnification of Masson's trichrome staining was analysed. Five sections from each sample were examined for a quantitative analysis.
Statistical analysis
The results were expressed as the mean6s.d., and the data were analysed by a one-way analysis of variance to compare among multiple groups, followed by post hoc comparisons with the least significant difference test. P,0.05 was considered statistically significant.
RESULTS
General data
Among the 26 rats injected with streptozotocin, 22 rats with blood glucose greater than 200 mg dl 21 were selected as diabetic rats. As shown in Table 1 , the body weights of the diabetic rats in group DM and group Mt were lower than the normal rats 8 weeks after the streptozotocin injection (P,0.01). Blood glucose levels of the diabetic rats in group DM and group Mt were higher than the normal rats (P,0.01) ( Table 1) . Chronic administration of melatonin did not increase body weight or decrease blood glucose ( Table 1) .
Melatonin administration increased CD34
1 /KDR 1 EPCs in peripheral blood As shown in Figure 1 , the percentage of CD34 1 /KDR 1 cells in the peripheral blood of the diabetic rats was lower than the normal controls (P,0.05). Chronic administration of melatonin increased the percentage of CD34
1 /KDR 1 EPCs in peripheral blood compared with the diabetic controls (P,0.05).
Melatonin improved erectile function
The effect of chronic administration of melatonin on improving erectile function is shown in Figure 2 . The development of ED in diabetic rats was demonstrated by a lower ICP/MAP ratio in the diabetic control group compared with the normal controls (P,0.05). A partial but significant improvement of erectile function was observed in the melatonin-treated group.
Oxidative stress levels in bone marrow decreased after melatonin administration Oxidative stress in the bone marrow was indicated by a decreased SOD level and an increased MDA level in the diabetic controls compared with the normal controls (P,0.05) ( Table 2 ). The administration of melatonin increased SOD levels and decreased MDA levels in the bone marrow compared with the diabetic control group (P,0.05) ( Table 2) .
Endothelium density increased after melatonin administration Consistent with our previous study, 28 the endothelial density in the corpus cavernosum of the diabetic rats decreased compared with the normal rats (P,0.05). Endothelial content was higher than in the diabetic control group after 8 weeks of melatonin administration (P,0.05). Chronic treatment with melatonin resulted in partial restoration of the endothelium in the corpus cavernosum (Figure 3) .
Effect of melatonin on the smooth muscle/collagen ratio in the corpus cavernosum As shown in Figure 4 , the ratio of smooth muscle to collagen was reduced (P,0.05) in the corpus cavernosum of diabetic controls compared with normal controls. However, histological data revealed that the chronic administration of melatonin did not alter this decreased smooth muscle/collagen ratio in the corpus cavernosum.
DISCUSSION
Recent studies have suggested that EPCs play a major role in the regeneration of the endothelial monolayer, as well as in neoangiogenesis. 12 These cells have the capacity to migrate from the bone marrow into the peripheral circulation in response to tissue ischemia or traumatic injury, 
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as well as the ability to differentiate into mature endothelial cells in situ. It has been demonstrated, both in animal models and in humans, that the beneficial effects of EPCs for neovascularisation and re-endothelialisation are also mediated through the paracrine secretion of angiogenic factors.
12
EPC levels are decreased in patients with cardiovascular disease or with cardiovascular risk factors. 29, 30 Furthermore, healthy subjects with endothelial dysfunction have a decreased number of circulating EPCs. 11 Circulating levels of EPCs are thought to be a pathophysiological link between cardiovascular risk factors and endothelial dysfunction. 29, 31 Erections are mainly neurovascular events, which require intact and functional endothelium and smooth muscle in the corpus cavernosum. Endothelial dysfunction is one of the pathological causes of ED. ED has been suggested to be an early symptom of endothelial dysfunction, and it presents as the first clinical manifestation, as well as a reliable predictor of cardiovascular disease. 32 Hence, levels of circulating EPCs may indicate an association between cardiovascular risk factors and ED. Foresta et al. 15 reported that the number of circulating progenitor cells was decreased in ED patients with and without cardiovascular disease. The inverse relationship between the level of circulating EPCs and erectile function was observed in patients with coronary disease, indicating a link between EPCs and ED. 17 Esposito et al.
14 demonstrated that EPC levels were decreased in overweight men with ED and were correlated with the severity of ED. These data verified that the reduction in the level of circulating EPCs was inversely related to erectile function. A growing amount of data have demonstrated reduced EPCs levels in type I and type II diabetes, which are common risk factors for cardiovascular disease. 17, 19, 20 EPC reduction has been hailed as a novel concept in the pathogenesis of diabetic vascular complications. In the present study, flow cytometry data showed that the number of CD34 1 /KDR 1 EPCs in the peripheral circulation was reduced compared with the normal controls. Upon histological examination, diabetic animals demonstrated a decreased amount of endothelium in the corpus cavernosum. The mobilisation of stem cells or progenitor cells from the bone marrow is dependent on the local activity of endothelial nitric oxide (NO) synthase. 33 NO, generated by the vascular cells of the bone marrow stroma, acts in a paracrine manner to induce mobilisation of EPCs, thereby increasing the number of these cells in the circulation. 34 Increasing evidence suggests that oxidative stress plays a crucial role in EPC mobilisation, both in animals and in humans. 22 Conditions associated with increased oxidative stress Melatonin for diabetes-associated ED XF Qiu et al 484 decrease mobilisation and subsequently reduce numbers of circulating EPCs. 13 Oxidative stress is defined as the situation characterized by increased generation of free radicals (reactive oxygen species), resulting in increased oxidative damage to biological structures. The existence of increased oxidative stress in diabetes mellitus has been well documented. 24 In our study, increased oxidative stress to the bone morrow was indicated by decreased SOD and increased MDA in diabetic rats. Oxidative stress-associated impaired mobilisation of EPCs from the bone marrow to the peripheral circulation may be a possible explanation for the decreased level of EPCs in diabetes.
Melatonin, which is primarily released by the pineal gland, was recently found to be a potent antioxidant and free radical scavenger. 35, 36 Possible mechanisms include the formation of a radical adduct by transferring a hydrogen atom and a single electron. 37 Additionally, melatonin acts as an indirect antioxidant through the activation of major antioxidant enzymes, including SOD. 38 Melatonin protects tissues against the oxidant damage induced by various free radical-generating processes. [28] [29] [30] The anti-oxidative effect of melatonin is systemic. Evidence suggests a role for melatonin in reducing the oxidative stress induced in many organs by diabetes. 24, 25 Our study demonstrated the antioxidant property of melatonin in the bone marrow. The chronic administration of melatonin reduced oxidative stress levels in the bone marrow of diabetic rats. Attenuated oxidative stress in bone marrow is one of the possible mechanisms involved in increased EPC mobilisation in melatonin-treated diabetic rats, because of the role of oxidative stress in mediating EPC mobilisation. Melatonin-treated diabetic rats displayed increased amounts of endothelium in the corpus cavernosum and better erectile function. Increased circulating EPC levels are one of the possible explanations for preserved histological and functional change based on the role of EPCs in endothelial regeneration and the development of ED. In addition to enhancing the mobilisation of EPCs from the bone marrow, melatonin may have the beneficial effect of increasing NO availability and preserving the NO/cGMP pathway in penile tissue. 39 Moreover, the local anti-oxidative effect of melatonin in the corpus cavernosum may contribute to improved histological and functional changes because several antioxidants have been reported to be effective for ED in animals. [40] [41] [42] Furthermore, melatonin has a smooth muscle relaxant effect on the corpus cavernosum of diabetic rats. 43 This study does have some limitations. First, the animal models used in this study had type I diabetes, which has a lower prevalence in the population than type II diabetes. Furthermore, type I diabetic animal models have different characteristics than rats with type II diabetes, including differences in insulin resistance and in body mass index. Second, this study lacked a non-diabetic group treated with chronic melatonin administration. Further studies will be undertaken to explore the impact of melatonin treatment on normal rats.
CONCLUSION
The chronic administration of melatonin, an antioxidant, attenuated oxidative stress in the bone marrow, increased circulating EPC levels and subsequently preserved erectile function and corporal histology in diabetic rats. The potential effect of antioxidants on improving the mobilisation of EPCs could provide an alternative opportunity for the treatment of diabetes-associated ED or cardiovascular disease in humans.
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